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Despite the enormous interest in the roles of novel uncoupling proteins, there is still great uncertainty as to their mechanism and regulation. The
regulation of the architypal uncoupling protein 1 from brown adipose tissue was elucidated more than 20 years ago. This review suggests that a
number of the approaches and criteria developed for the study of UCP1 could with profit be applied to current investigations of the novel UCPs.
© 2006 Elsevier B.V. All rights reserved.Keywords: Uncoupling protein; Mitochondria; Purine nucleotide; Fatty acid; Thermogenesis; Membrane potential; Proton conductanceThe archetypal uncoupling protein, UCP1, was discovered
and characterized more than 20 years ago (for review, see [1]).
The high abundance of the protein, which can equal that of the
adenine nucleotide translocator [2] and its clear physiological
role in thermogenesis [3] greatly facilitated the elucidation of its
transport mechanism and physiological regulation [4]. The
more recent discovery of homologues of UCP1, the novel
uncoupling proteins (nUCPs), with a widespread distribution in
different tissues and plants [5] has led to an explosion of interest
in their potential function, with no less than 1100 publications
since 2000. Most of these fall into one of two categories, either a
necessarily rather phenomenological description of the expres-
sion or in vivo consequences of altered expression of the
proteins (reviewed for example in [6–9]) or an analysis of in
vitro bioenergetic changes in proton conductance of isolated
mitochondria under rather artificial conditions (reviewed in
[10,11]). There is, however, a relative lack of studies focused on
the strictly physiological mechanisms by which the proton
conductance of these proteins might be regulated, which can be
approached by modeling potential mechanisms with either
isolated mitochondria or intact cells. To some extent, this deficit
is due to the difficulties in studying the function of these
proteins that are generally present in very low abundance (less
than 1% relative to UCP1 in brown adipose tissue [12].
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doi:10.1016/j.bbabio.2006.02.005some of which (notably, proton current/membrane potential
relationships by progressive respiratory inhibition [13,14]) have
been exploited for studies with the nUCPs. This review will
include a constructive critique of current approaches to
understand the mechanism and function of the nUCPs.
1. The proton circuit and the control of UCP1 in brown
adipose tissue
Central to many functional mitochondrial studies is the
concept of the proton circuit and the simple but immensely
powerful model whereby the proton circuit is considered to be
analogous to an equivalent electrical circuit, with membrane
potential (or more strictly protonmotive force) as the voltage
analogue, respiratory rate (multiplied by the appropriate H+/2e−
stoichiometry) to quantify the circulating proton current as the
electrical current analog and the effective conductance of the
inner membrane for proton re-entry calculated from the
potential and flux parameters by the application of Ohm‘s
Law. This ‘proton circuit’ approach was first used to elucidate
the inherent and UCP1-dependent proton conductance path-
ways in the inner membrane of brown adipose tissue
mitochondria (BATM) [13]. The physiology of brown fat
thermogenesis has been established for many years (for reviews,
see [15]). The tissue is found in neonates, rodents and
hibernators and is localized where it can provide heat to critical
organs. Brown adipocytes are innervated by sympathetic
neurons and possess 3-adrenoceptors that elevate cAMP,
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the abundant multi-locular fat droplets within the cell. The
explosive oxidation of these fatty acids by the abundant
mitochondria underlies the thermogenesis of this tissue. It has
been calculated that maximally thermogenic BAT can generate
heat at 60 times the rate of an equivalent mass of liver [1].
Early experiments with isolated BATM showed the presence
of a unique uncoupling mechanism that could relieve respiration
from the constraints of respiratory control [16,17] and which
was later shown to be catalyzed by a unique 32 kDa protein now
termed uncoupling protein 1 (UCP1) [2]. In these early studies,
proton permeability was studied by the rate of swelling of non-
respiring mitochondria in ionophore/solute combinations that
were dependent upon proton movement across the inner
membrane (e.g., potassium acetate in the presence of valino-
mycin or KCNS in the presence of nigericin). In parallel, proton
conductance was quantified by the proton circuit approach
quantifying respiration and protonmotive force (Δp) under
respiring conditions [13]. The two approaches produced
remarkably similar results confirming the presence of a proton
conducting pathway in the membrane, rather than some
deficiency in proton extrusion by the respiratory chain
complexes.
2. The four conductance states of UCP1
Building on earlier work implicating fatty acids [17] and
purine nucleotides [16] in respectively uncoupling and
recoupling BATM, four conductance states for UCP1 were
identified (Table 1). As prepared (in the presence of
endogenous fatty acids and the absence of exogenous purine
nucleotide), BATM showed an immeasurably high effective
proton conductance, CMH
+ (>35 nmol H+ min−1 mg
protein−1 mV−1 [13]) and respired with no detectable Δp
(<10 mV); this we here define as state S-I. The second state
(S-II) produced by exhaustive removal of fatty acids by
albumin only allowed the mitochondria to maintain a Δp of
about 75 mV, i.e., far too low for respiratory control and
indicative of a CMH
+ of about 7 nmol H+ min−1 mg
protein−1 mV−1 [13]. Thus it was clear by 1974 that UCP1
could conduct protons in the strict absence of fatty acids,
eliminating the possibility that fatty acids play an obligatory
cycling role in the mechanism of proton translocation by
UCP1 (c.f. [18]). This will be discussed below in the
context of mechanism.Table 1
Conductance states of UCP1
State Fatty
acid
Purine
nucleotide
Proton
conductance
Cl−
conductance
Maximal
Δp (mV)
Respiratory
control
S-I Yes No Enormous High <10 No
S-II No No High, ohmic High 80 No
S-III Yes Yes Moderate,
non-ohmic
Low,
non-ohmic
180 No
S-IV No Yes Low,
non- ohmic
Low,
non-ohmic
220 YesThe third and fourth conductance states of the uncoupling
protein were obtained in the presence of GDP and respectively
in the presence (S-III) and absence (S-IV) of fatty acids [13].
For historical reasons, GDP is the purine nucleotide most
commonly used in connection with UCP studies although ATP,
which is almost as effective [19] will be the dominant purine
nucleotide to which UCP1 will be exposed in the physiological
context of the brown adipocyte and indeed any cell. In S-III, the
presence of ∼1 mM GDP allows a Δp of 160 mV (just below
that needed for respiratory control and corresponding to a CMH
+
∼2 nmol H+ min−1 mg protein−1 mV−1) to be maintained in the
presence of endogenous fatty acid. Δp was increased to
∼220 mV after fatty acid removal (S-IV) by a reduction in
CMH
+ to 0.7 nmol H+ min−1 mg protein−1 mV−1, with the
introduction of respiratory control [13].
3. The fatty acid mediated physiological
uncoupling–recoupling cycle
How does one link these results to the physiological context?
In the intact brown adipocyte, UCP1 will always be exposed to
millimolar concentrations of ATP and the protein's nucleotide
binding site exposed on the outer face of the inner membrane
[20] will always be saturated, particularly since a decrease in
ATP will be partially compensated by an increase in ADP which
binds to UCP1 with even higher affinity [20]. It follows that any
modeling of UCP1 activity with isolated mitochondria should
include millimolar adenine nucleotides in the incubation
medium. In other words, the focus should be on the S-IV to
S-III transition when modeling the activation of UCP1.
Some years ago we designed a protocol to mimic as precisely
as possible a cycle of thermogenesis using isolated brown fat
mitochondria to establish whether free fatty acids could be the
necessary and sufficient second (or third?) messenger for UCP1
activation [4]. Mitochondria were suspended in a medium
including pyruvate, coenzyme A, carnitine and ATP to allow
fatty acid activation and oxidation. Membrane potential (Δψ)
and respiration were measured in parallel and palmitate was
slowly infused into the incubation to mimic the β3 adrenergic
activation of lipolysis. On initiating the infusion Δψ immedi-
ately started to fall and respiration increased (Fig. 1). This in
itself was not surprising, as a similar result would be obtained
by infusion of a synthetic uncoupler such as FCCP. However a
physiological termination mechanism to stop thermogenesis is
critically important. Accordingly, when the palmitate infusion
was stopped, there was an immediate repolarization and a rapid
return of respiration to basal rates (Fig. 1). Analysis of the
metabolites of [3H]-palmitate showed a precise correlation
between the proton conductance and the free palmitate
concentration in the medium (Fig. 1) showing that the
‘recoupling’ (S-III to S-IV) occurred as a consequence of the
activation and oxidation of the residual fatty acids by the
mitochondria. Thus importantly the affinity of long-chain fatty
acid CoA ligase for palmitate was sufficient to lower the
concentration of the fatty acid to a level at which it dissociated
from the UCP1 binding site. No correlation was found between
proton conductance and acyl CoA or acyl carnitine
Fig. 1. In vitro simulation of a thermogenic cycle with isolated hamster brown
adipose tissue mitochondria. BATM were incubated in the presence of CoASH,
carnitine and ATP and with pyruvate as substrate. For the period indicated, [3H]-
palmitate was infused at a rate of 13 nmol/min/mg mitochondrial protein to
mimic the β-adrenergic activation of lipolysis. Mitochondrial respiration and
membrane potential were monitored in parallel and effective proton conductance
calculated. The concentration of palmitate and metabolites (not shown) was
determined by chromatographic separation. The experiment demonstrates that
fatty acid acts as both substrate and UCP1 activator and that oxidation of
residual fatty acid is sufficient to terminate thermogenesis. Data adapted from
[4].
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tantly, the UCP1-mediated thermogenic capacity of brown
adipocytes and isolated BATM [21] parallels the content of the
protein in guinea pig BATMs from animals adapted to differing
ambient temperatures [21].
It must be emphasized that this in vitro model for the acute
regulation of UCP1 is precisely paralleled by studies with intact
brown adipocytes, where low concentrations of fatty acids
mimic β-adrenergic stimulation of the cells [22,23] and the
respiratory response of the cells correlate with their content of
UCP1 [3].4. Fatty acids do not displace purine nucleotides
The above results provided the basis for the model of UCP1
activation that is still largely accepted. While our studies were
focused on functional rather than structural aspects of UCP1,
they did indicate that the nucleotide inhibition and fatty acid
activation were independent regulatory mechanisms and that
fatty acids do not act by competing with or displacing (c.f. [24])
the nucleotides. First the binding capacity of in situ UCP1 for
GDP is independent of the presence of fatty acids [20].
Although concentrations of palmitate sufficient to activate
UCP1 cause a slight, statistically insignificant, decrease in the
affinity of ATP binding to UCP1 in the presence of 2 mM
MgCl2 (from 10 to 30 μM [25]), the nucleotide binding site will
continue to be fully occupied in the presence of the millimolar
cytoplasmic ATP concentrations found in the cell. High
micromolar fatty acid concentrations can compete with purine
nucleotides for binding to reconstituted UCP1 [26], but the
concentrations are several thousand times higher than those
required to activate the intact protein. Shabalina et al. [27],
however, concluded that fatty acids displayed simple compet-
itive kinetics with low concentrations of GDP. In this study
BATM pyruvate respiration was stimulated by oleate (in the
absence of cofactors that would allow its activation (c.f. [4]) and
fatty acid dependent respiratory stimulation was plotted as a
function of oleate concentration in the presence of varying GDP.
However it is unlikely that a similar competition would be seen
in the presence of physiological concentrations of ATP as
discussed above.
Additional evidence that physiologically relevant concentra-
tions of fatty acids do not displace purine nucleotides is
evidenced by the retained ability of purine nucleotides to inhibit
the characteristic Cl− conductance of UCP1 in the presence of
fatty acids (i.e., comparing S-I with S-II or S-III with S-IV,
[28]).
5. What does the chloride conductance of UCP1 tell us
about mechanism?
The nucleotide-sensitive chloride conductance of UCP1
deserves some comment, since it was the means by which the
association of the brown fat uncoupling pathway with ion
permeability was first recognized [28]. The first indication that
the lack of respiratory control in freshly prepared BATM was
associated with an abnormal chloride permeability came in
1972 when it was observed that the sucrose-prepared mito-
chondria possessed a condensed matrix that prevented the
oxidation of NAD+-linked substrates, but that respiration was
restored as the matrix expanded in KCl media due to rapid Cl−
entry [29]. Since mitochondria were generally believed to be
almost impermeable to the anion, it was reasoned that there
could be some relation between this abnormal anion perme-
ability and the ‘uncoupled’ state [28]. This was investigated by
investigating ion fluxes under non-respiring conditions, by
following the kinetics of mitochondrial swelling by light-
scattering changes [28]. In this and subsequent experiments, the
four states introduced above were investigated (Table 1).
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of valinomycin (Fig. 2a) swelled at 30-times the rate of rat liver
mitochondria. Importantly the BATM swelling rate was
unaffected by removal of fatty acids by albumin (S-I to S-II).
The first direct indication that proton permeability was high in
freshly-prepared BATM came with the observation that rapid
swelling occurred in experiments that required compensatory
proton fluxes for charge and pH balance (e.g., potassium acetate
plus valinomycin (Fig. 2c). This swelling was partially inhibited
by fatty acid removal indicating that the fatty acids were
contributing to the proton permeability. Together, these results
indicated that fatty acids controlled proton but not Cl−
permeability under these non-respiring conditions [28]. Fol-
lowing on the earlier reports of the ‘recoupling’ ability of purine
nucleotide di- and tri-phosphates, GDP was included in the non-
respiring assay in the absence of albumin (S-III) and produced
an immediate inhibition of swelling in KCl plus valinomycin
that was not reversed by FCCP. Direct analysis of 36Cl−
exchange across the inner membrane in the presence of fatty
acid confirmed a dramatic inhibition in the presence of the
nucleotide, the t1/2 increasing from <35 s to 8.2 min [28]. This
confirmed that GDP inhibits Cl− permeability by a fatty acid
independent mechanism, i.e., no difference was seen between S-
III and S-IV.
A limitation with passive swelling experiments is that the
thermodynamic driving force for transport is low and varies as
swelling proceeds. We therefore devised experiments to
investigate chloride permeability under respiring conditions.
BATM possess a high native monensin-like Na+/H+ antiport
activity [28] and swell passively in NaCl-based media in state S-
I [30]. During the swelling, the matrix volume increased from
0.37 to 1.8 μl/mg protein and extensive outer membrane rupture
occurred. Respiration-driven contraction can then be initiated
by adding combinations of albumin and/or GDP followed by
substrate and monitoring the kinetics of matrix re-contraction
[30]. Protons expelled by the respiratory chain re-enter the
matrix either through UCP1 (in which case no contractionFig. 2. Ion movements across the inner membrane of BATM to investigate the relati
respiration-dependent contraction. Val, valinomycin; Nig, nigericin; Ac-, acetate anioccurs) or via the antiporter in exchange for Na+ in which case
Cl− is expelled (Fig. 2e). Respiration-driven contraction was
monitored in the four states. No contraction occurred when
respiration was initiated in S-I, consistent with the enormous
proton conductance in this condition as though UCP1 is acting
as an open channel [13]and is thus unable to sustain a
respiration-driven membrane potential. Removal of fatty acid
(S-II), which allows a low Δψ of about 80 mV to be maintained
[13], in contrast initiates a rapid and complete re-contraction of
the mitochondria at a rate which is not enhanced by the further
addition of GDP (S-IV), Fig. 2. These experiments tell us in the
absence of both fatty acid and nucleotide (S-II) the net flux of
Cl−, but not its mere presence in the medium, blocks proton (or
more likely the indistinguishable hydroxyl) transport through
UCP1, when OH− and Cl− would both be seeking to leave the
matrix. This competition may be aided by the great disparity in
the concentrations of Cl− (10−1 M) versus H+/OH− (10−7 M) in
this experiment.
6. A critique of current approaches to quantify the
mechanism and regulation of UCP1 and nUCPs
The explosion of interest in the novel uncoupling protein
homologues of UCP1 in recent years has resulted in a measure
of uncertainty as to their mechanism, regulation and physio-
logical significance. Some of this ambiguity has been discussed
in a number of recent comprehensive reviews see [6,10,31–33].
The general assumption that has been made is that their
regulation follows a similar mechanism to that of UCP1
(nucleotide inhibition, fatty acid activation) with an additional
controversial role proposed for superoxide, or rather down-
stream lipid oxidation products [34]. Since my group does not
work with these proteins, what follows is a personal plea for a
greater consideration of the physiological context of these
putative uncoupling proteins, based on the general assumption
that nUCPs will have broadly similar regulatory mechanisms to
UCP1; thus purine nucleotide binding to recombinant UCP2 hasonships between Cl− and H+ fluxes through UCP1 during passive swelling and
on; RC, respiratory chain. For details, see [28,30].
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perhaps over zealously (see below) as the criterion for a
functional UCP. Finally, fatty acids have been implicated in
some, but not all, in vitro activation models. In this discussion
‘artifactual’ refers to a proton conductance that is due to a mis-
folded protein, while ‘non-physiological’ refers to an in vitro
incubation condition that does not exist in a real cell.
6.1. Uncoupling proteins should not increase proton
conductance in the absence of an activator
BATM from cold-adapted rodents contain massive amounts
of UCP1 in their inner membranes [2]. Nevertheless in the
presence of physiological concentrations of purine nucleotide
and the absence of fatty acid the protein is dormant and the only
inner membrane proton conductance is that attributable to the
universal endogenous proton leak [14]. Thus, the mere over-
expression of a nUCP should have no effect on proton
conductance in the absence of an activator. However, the
extensive literature on in vivo effects of nUCP over-expression
(reviewed in [6,31–33]) suggests that excess incorporation of
the protein into mitochondria often causes a constitutive
increase in proton conductance suggesting that the protein is
either incorrectly inserted or is under the control of some so far
unrecognized activator.
6.2. UCP-associated proton conductances that are not
inhibited by purine nucleotides may be artifactual
GDP inhibition of proton conductance (e.g., during an S-II to
S-IV transition) is generally accepted by the nUCP field to be a
pre-requisite for the detection of an endogenous nUCP, or for
the correct insertion and assembly of an ectopically expressed
nUCP, (see [12]). By this criterion, the increased proton
conductances observed in many studies with nUCPs expressed
in yeast mitochondria as well as some mammalian over-
expression systems may be due to incorrectly assembled
protein.
6.3. UCP-associated proton conductances in the absence of
purine nucleotides are non-physiological
The high in vitro proton conductances displayed by UCP1 in
S-I and S-II were extremely useful in the detection and
characterization of the protein [13,28], but mitochondria work
in cells that have cytoplasmic ADP+ATP concentrations in the
region of 5–10 mM. Even in the presence of millimolar Mg2+,
the nucleotide binding site of UCP1 is saturated by ∼100 μM
ATP [20] and so may be considered always to be saturated in the
cell. It should be noted that ADP is more potent than ATP as an
inhibitor [20], and that uncontrolled respiration is achieved with
a relatively modest drop in Δp that does not extensively deplete
ATP [36]. The nucleotide-free S-I and S-II states of UCP1
display respectively ‘open-channel’ and high-ohmic conduc-
tances. If nUCPs display similar behaviour then trace amounts
of the proteins should be readily detectable, and this may
underlie the emphasis in the literature on GDP-sensitivity as adiagnostic for the presence of a functional UCP. However, it
must always be born in mind that this conductance state does
not exist in the cell.
6.4. Proton conductances that are not seen in the presence of
purine nucleotides are non-physiological
This is a continuation of the preceding point. One of the
worrying aspects about many studies with nUCPs is that GDP
seems to inhibit the increased proton conductance induced by
putative activators such as palmitate [37] or reactive oxygen
products [37–39]. Bearing in mind that GDP is a convenient
surrogate for ATP+ADP, any putative activator whose effects
are not seen in the presence of purine nucleotide must be
considered physiologically irrelevant. The activation of UCP2
and UCP3 proton conductance by superoxide generated
exogenously by xanthine/xanthine oxidase [34] appears to fall
into this category, since the O2·−-dependent increases in
conductance seen in brown fat, skeletal muscle, kidney, spleen
and β-cell mitochondria are in all cases abolished by 0.5 mM
GDP [34]. In addition, in this influential study, a palmitate
activation of proton conductance was required in order to see
the further O2·−-mediated increase with both skeletal muscle and
kidney mitochondria (c.f. Figs. 1b, c and 2b, c of [34]).
However, the palmitate activation was insensitive to GDP, i.e.,
in contrast to UCP1 in BATM, no difference in conductance was
seen between S-I and S-III. Thus, there is no a priori reason to
associate the fatty acid stimulation of respiration with an
uncoupling protein.
6.5. Putative UCP activators must function at physiologically
meaningful concentrations
In the 1980s, we devoted considerable effort to establishing
that fatty acids could activate UCP1 at very low, physiologically
attainable, concentrations [3,4,21,25]. We established that the
presence of UCP1 decreased the concentration of unbound free
fatty acid required to increase proton conductance by 30-fold
[40]. 80 nM palmitate gave half-maximal respiratory stimula-
tion of cold-adapted guinea pig brown adipocytes, while the
isolated mitochondria showed half-maximal loss of respiratory
control at 100 nM free palmitate [3]. Importantly, half-maximal
palmitate oxidation needed only 12 nM palmitate, accounting
for the ability of activation and oxidation of fatty acids to pull
the activator off the UCP at the termination of thermogenesis. It
is therefore with some reserve that we interpret experiments in
which micromolar or even higher concentrations of fatty acid
have been employed, since these cause non-specific uncoupling
of any mitochondria.
6.6. Can UCPs be activated by physiologically relevant levels
of superoxide and lipid oxidation products?
The normal physiological range of O2·− concentrations in the
matrix or cytoplasm of the cell is difficult to quantify, but is
believed to be in the region of 10−12 M [41]. The likelihood is
that the exogenous xanthine/xanthine oxidase reaction will
464 D.G. Nicholls / Biochimica et Biophysica Acta 1757 (2006) 459–466generate far higher concentrations of the radical and it is
therefore important to show that endogenously generated O2·−
can initiate a similar activation of UCPs. This was approached
by Talbot et al. [42] who observed that rat skeletal muscle
mitochondria oxidizing succinate generated superoxide
(detected as hydrogen peroxide). They argued that the
endogenous UCP3 in these mitochondria was being activated
by a superoxide-dependent process, since addition of GDP
doubled the rate of H2O2 production and at the same time
slightly inhibited respiration and hyperpolarized the mitochon-
dria. Puzzlingly, however, this inhibited conductance could be
observed over a wide range of membrane potentials as
respiration was progressively inhibited, even though superoxide
production would be negligible at these lowered potentials. To
counter this, the authors proposed that the initial exposure of the
mitochondria to high membrane potentials in this titration
generated long-lived downstream UCP activators that persisted
during the titration. In contrast to the activation of UCP3 by
exogenously generated superoxide there was no requirement for
fatty acids [42]. Once again, however, this analysis is
complicated by the sensitivity of the effect to purine nucleotide,
raising once again the physiological significance of the
observation. Supporting evidence for the ability of UCP3 to
decrease superoxide levels in skeletal muscle mitochondria was
contained in a second paper by Talbot et al. [43] where they
reported that matrix aconitase, which is very sensitive to
oxidative inhibition, partially inactivated when the mitochon-
dria oxidized succinate, but that this inhibition was enhanced by
the addition of purine nucleotides, suggesting that UCP3
activation was limiting free radical damage to aconitase. Once
again the problem in the physiological context is that ADP and
ATP potently inhibited this protective effect, again raising
questions as to the physiological relevance.
A recent paper [44] quantifying the kinetics of UCP1 and
UCP3 activation in respectively BATM and skeletal muscle
mitochondria from mice over-expressing the matrix-located
superoxide dismutase 2 and thus maintaining lower O2·− levels
could uncover no difference from wild-type mitochondria,
throwing further uncertainty on the physiological role of the free
radical in UCP activation.
6.7. A physiologically relevant mechanism should exist to
reverse an activation of a UCP
Reversibility requires that a physiological mechanism exists
to restore an initial low conductance state once the initiating
signal is removed. The activation of UCP1 by fatty acids is
freely and totally reversible both in isolated mitochondria, intact
brown adipocytes and of course in vivo following each
thermogenic cycle, as the residual fatty acid is removed from
the uncoupling protein by the high affinity activation and
oxidation of the free fatty acid [4]. Achieving an in vitro low
conductance state by adding nucleotide to a nucleotide-free
incubation does not constitute reversibility since nucleotide is
always present physiologically.
A rather complex sequence of events has been proposed to
link superoxide generation to UCP activation, involvingsuperoxide-mediated release of Fe2+ from aconitase, Fenton
chemistry with H2O2 to generate hydroxyl ion followed by a
sequence of reactions in which unsaturated acyl side chains
form carbon-centered acyl radicals, peroxyl radicals and finally
reactive alkenals such as 4-hydroxynonenal which are postu-
lated to activate the UCP [39]. While it is possible to envisage
this pathway as a mechanism to lower membrane potential in
oxidatively damaged mitochondria, it is difficult to see how
reversal of UCP activation could occur once the source of the
superoxide was removed. Incidentally, the proton conductance
increase shown following direct addition of carbon-centered
radical generators [39] or hydroxynonenal [38] was not seen in
the presence of GDP.
6.8. Activators of UCPs should make physiological sense
Fatty acid activation of UCP1 fits precisely within the
physiological context, with their β-adrenergic generation in the
cell and utilization as substrate and UCP1-activator. However,
for the nUCPs in other tissues, where it is demonstrated or
assumed that fatty acids are also activators, it is much less clear
how to incorporate this within the physiological context. This is
particularly true in the context of neuronal nUCPs [6] since the
brain utilizes fatty acids extremely poorly [45].
It is clearly essential for mitochondria to minimize levels of
superoxide generated by the respiratory chain. This is largely
achieved by superoxide dismutase 2 (SOD2) and SOD2+/−
heterozygotes display increased oxidative stress, while the
homozygous SOD2−/− mutation is embryonic lethal [46].
Superoxide or superoxide-derived lipid oxidation products are
logical UCP activators to mitigate any effects of the residual
superoxide, however one teleological concern with the concept
is that this is ‘bolting the stable door after the horse has fled’, in
other words in this model oxidative damage to the membrane
phospholipids has to occur before the UCP is activated.
6.9. Is the endogenous ‘non-ohmic’ leak the physiological
means of limiting superoxide generation?
We first described a ‘non-ohmic’ endogenous proton leak in
rat liver mitochondria in 1974 [47] that accounted for the ‘State
4’ respiration universally observed with isolated mitochondria.
Further analysis in BATM with fully inhibited UCP1 showed
that the proton conductance increased sharply at supra-maximal
values of Δp that can be attained by bypassing Complex I with
substrates such as α-glycerophosphate that directly feed
electrons to the quinone pool [14]. This study estimated that
the maximal value of Δp that would be attained with high α-
glycerophosphate concentrations in the ‘static head’ condition
where the non-ohmic proton leak was absent would be some
30 mV higher than that actually observed. The non-ohmic leak,
whose properties have been greatly refined by the Brand group
[48–50], overcomes one of the major problems with uncoupling
as a means of limiting superoxide generation. Uncoupling
inevitably decreases ATP generating capacity as proton re-entry
bypasses the ATP synthase. The endogenous proton leak,
however, is Δp-dependent, being active in State 4 and almost
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ATP generation.
7. Conclusions
The original studies with UCP1 were greatly facilitated by
the great abundance of the protein and its clear and unequivocal
role in non-shivering thermogenesis. It was possible to model a
physiologically relevant cycle of thermogenesis both with intact
brown adipocytes and with isolated mitochondria under
conditions designed to closely mimic conditions in the cell.
Investigation of the nUCPs is far more difficult, due mainly to
their exceedingly low relative abundance. The impressive range
of in vivo effects of altered expression of nUCPs in
neuroprotection [6,51,52], insulin secretion [7,53,54] and
general physiology [5,32] attests to their importance. However,
virtually all the exhaustive and ingenious studies with isolated
mitochondria have focused on sensitivity to purine nucleotide
inhibition as the diagnostic for a UCP-mediated event. If it is
accepted that the nUCPs have a broadly similar regulatory
mechanism to UCP1, then this means that virtually all the
effects of superoxide and its downstream products are observed
in S-I (for exogenous superoxide or S-II (for endogenously
generated superoxide) but are not seen in S-III or S-IV in the
physiologically relevant conditions where the nucleotide
binding site is permanently occupied by the high ATP
concentrations in the cytoplasm. For UCP1, S-I is the ‘open
channel’ state of extremely high proton conductance, while S-II
also displays high ohmic conductance [13]. It may be that the
trace levels of the nUCPs in most tissues only permit
conductance changes to be detected in an S-I to S-III or S-II
to S-IV transition, in which case, the true physiological effects
may require the development of more sensitive techniques. A
convincing in vitro experiment with a nUCP would be to see an
activation/inactivation cycle similar to that shown in Fig. 1 with
an activator whose levels change in a physiologically plausible
manner.
Acknowledgements
Current studies on the control of mitochondrial proton
conductance and oxidative stress are funded by grants from the
NIH, R01 AG1440 and R01 NS41908. Copies of early
manuscripts mentioned in this review may be obtained from
the author.
References
[1] D.G. Nicholls, R.M. Locke, Thermogenic mechanisms in brown fat,
Physiol. Rev. 64 (1984) 1–64.
[2] G.M. Heaton, R.J. Wagenvoord, A. Kemp, D.G. Nicholls, Brown adipose
tissue mitochondria: photoaffinity labelling of the regulatory site for
energy dissipation, Eur. J. Biochem. 82 (1978) 515–521.
[3] S.A. Cunningham, H. Wiesinger, D.G. Nicholls, Quantification of fatty
acid activation of the uncoupling protein in brown adipocytes and
mitochondria from the guinea-pig, Eur. J. Biochem. 157 (1986)
415–420.
[4] R.M. Locke, E. Rial, D.G. Nicholls, Fatty acids as acute regulators of theproton conductance of hamster brown fat mitochondria, Eur. J. Biochem.
129 (1982) 373–380.
[5] D. Ricquier, F. Bouillaud, The Uncoupling Protein Homologues: UCP1,
UCP2, UCP3, StUCP and AtUCP, Biochem. J. 345 (2000) 161–179.
[6] Z.B. Andrews, S. Diano, T.L. Horvath, Mitochondrial uncoupling proteins
in the CNS: in support of function and survival, Nat. Rev., Neurosci. 6
(2005) 829–840.
[7] C.B. Chan, M.C. Saleh, V. Koshkin, M.B. Wheeler, Uncoupling protein 2
and islet function, Diabetes 53 (2004) S136–S142.
[8] F. Bouillaud, E. Couplan, C. Pecqueur, D. Ricquier, Homologues of the
uncoupling protein from brown adipose tissue (UCP1): UCP2, UCP3,
BMCP1 and UCP4, Biochim. Biophys. Acta, Bioenerg. 1504 (2001)
107–119.
[9] D. Ricquier, F. Bouillaud, Mitochondrial uncoupling proteins: from
mitochondria to the regulation of energy balance, J. Physiol. (Lond.) 529
(2000) 3–10.
[10] T.C. Esteves, M.D. Brand, The reactions catalysed by the mitochondrial
uncoupling proteins UCP2 and UCP3, Biochim. Biophys. Acta 1709
(2005) 35–44.
[11] M.D. Brand, C. Affourtit, T.C. Esteves, K. Green, A.J. Lambert, S. Miwa,
J.L. Pakay, N. Parker, Mitochondrial superoxide: production, biological
effects, and activation of uncoupling proteins, Free Radic. Biol. Med. 37
(2004) 755–767.
[12] J.A. Harper, J.A. Stuart, M.B. Jekabsons, D. Roussel, K.M. Brindle, K.
Dickinson, R.B. Jones, M.D. Brand, Artifactual uncoupling by uncoupling
protein 3 in yeast mitochondria at the concentrations found in mouse and
rat skeletal-muscle mitochondria, Biochem. J. 361 (2002) 49–56.
[13] D.G. Nicholls, Hamster brown adipose tissue mitochondria: the control of
respiration and the proton electrochemical potential by possible physio-
logical effectors of the proton conductance of the inner membrane, Eur. J.
Biochem. 49 (1974) 573–583.
[14] D.G. Nicholls, The effective proton conductances of the inner membrane
of mitochondria from brown adipose tissue: dependency on proton
electrochemical gradient, Eur. J. Biochem. 77 (1977) 349–356.
[15] Brown Adipose Tissue, 1986.
[16] J. Rafael, H.-J. Ludolph, H.-J. Hohorst, Mitochondria from brown adipose
tissue: uncoupling of oxidative phosphorylation by long chain fatty acids
and recoupling by guanine triphosphate, Hoppe Seyler Z. Physiol. Chem.
350 (1969) 1121–1131.
[17] K.J. Hittelman, O. Lindberg, B. Cannon, Oxidative phosphorylation and
compartmentation of fatty acid metabolism in brown fat mitochondria, Eur.
J. Biochem. 11 (1969) 183–192.
[18] K.D. Garlid, M. Jaburek, The mechanism of proton transport mediated by
mitochondrial uncoupling proteins, FEBS Lett. 438 (1998) 10–14.
[19] G.M. Heaton, D.G. Nicholls, The structural specificity of the nucleotide
binding site and the reversible nature of the inhibition of proton
conductance induced by bound nucleotides in brown adipose tissue
mitochondria, Biochem. Soc. Trans. 5 (1977) 210–212.
[20] D.G. Nicholls, Hamster brown adipose tissue mitochondria: purine
nucleotide control of the ionic conductance of the inner membrane, the
nature of the nucleotide-binding site, Eur. J. Biochem. 62 (1976)
223–228.
[21] R.M. Locke, E. Rial, D.G. Nicholls, The acute regulation of mitochondrial
proton conductance in cells and mitochondria from the brown fat of cold-
adapted and warm-adapted guinea pigs, Eur. J. Biochem. 129 (1982)
381–387.
[22] S.B. Prusiner, B. Cannon, O. Lindberg, Oxidative metabolism . cells
isolated from brown adipose tissue: 1. Catecholamine and fatty acid
stimulation of respiration, Eur. J. Biochem. 6 (1968) 15–22.
[23] S.B. Prusiner, B. Cannon, T.M. Ching, O. Lindberg, Oxidative metabolism
in cells isolated from brown adipose tissue: 2. Catecholamine regulated
respiratory control, Eur. J. Biochem. 7 (1968) 51–57.
[24] M.D. Brand, The efficiency and plasticity of mitochondrial energy
transduction, Biochem. Soc. Trans. 33 (2005) 897–904.
[25] E. Rial, E.A. Poustie, D.G. Nicholls, Brown adipose tissue mitochondria:
the regulation of the 32,000 Mr uncoupling protein by fatty acids and
purine nucleotides, Eur. J. Biochem. 137 (1983) 197–203.
[26] S.G. Huang, Binding of fatty acids to the uncoupling protein from brown
466 D.G. Nicholls / Biochimica et Biophysica Acta 1757 (2006) 459–466adipose tissue mitochondria, Arch. Biochem. Biophys. 412 (2003)
142–146.
[27] I.G. Shabalina, A. Jacobsson, B. Cannon, J. Nedergaard, Native
UCP1 displays simple competitive kinetics between the regulators
purine nucleotides and fatty acids, J. Biol. Chem. 279 (2004)
38236–38248.
[28] D.G. Nicholls, O. Lindberg, Brown adipose tissue mitchondria: the
influence of albumin and nucleotides on passive ion permeabilities, Eur. J.
Biochem. 37 (1973) 523–530.
[29] D.G. Nicholls, H.J. Grav, O. Lindberg, Mitochondria from brown adipose
tissue: regulation of respiration in vitro by variations in volume of the
matrix compartment, Eur. J. Biochem. 31 (1972) 526–533.
[30] D.G. Nicholls, Hamster brown adipose tissue mitochondria: the chloride
permeability of the inner membrane under respiring conditions: the
influence of purine nucleotides, Eur. J. Biochem. 49 (1974) 585–593.
[31] M.D. Brand, T.C. Esteves, Physiological functions of the mitochon-
drial uncoupling proteins UCP2 and UCP313, Cell. Metab. 2 (2005)
85–93.
[32] F. Criscuolo, M.D. Gonzalez-Barroso, F. Bouillaud, D. Ricquier, B.
Miroux, G. Sorci, Mitochondrial uncoupling proteins: new perspectives for
evolutionary ecologists, Am. Nat. 166 (2005) 686–699.
[33] J. Nedergaard, B. Cannon, The ‘Novel’ ‘Uncoupling’ proteins UCP2 and
UCP3: what do they really do? pros and cons for suggested functions 7,
Exp. Physiol. 88 (2003) 65–84.
[34] K.S. Echtay, D. Roussel, J. St Pierre, M.B. Jekabsons, S. Cadenas, J.A.
Stuart, J.A. Harper, S.J. Roebuck, A. Morrison, S. Pickering, J.C.
Clapham, M.D. Brand, Superoxide activates mitochondrial uncoupling
proteins, Nature 415 (2002) 96–99.
[35] M.B. Jekabsons, K.S. Echtay, M.D. Brand, Nucleotide binding to human
uncoupling protein-2 refolded from bacterial inclusion bodies, Biochem. J.
366 (2002) 565–571.
[36] D.G. Nicholls, V.S.M. Bernson, Inter-relationships between proton
electrochemical gradient, adenine nucleotide phosphorylation potential
and respiration during substrate-level and oxidative phosphorylation by
mitochondria from brown adipose tissue of cold-adapted guinea-pigs, Eur.
J. Biochem. 75 (1977) 601–612.
[37] K.S. Echtay, M.D. Brand, Coenzyme Q induces GDP-sensitive proton
conductance in kidney mitochondria, Biochem. Soc. Trans. 29 (2001)
763–768.
[38] K.S. Echtay, T.C. Esteves, J.L. Pakay, M.B. Jekabsons, A.J. Lambert, M.
Portero-Otín, R. Pamplona, A.J. Vidal-Puig, S. Wang, S.J. Roebuck, M.D.
Brand, A signalling role for 4-hydroxy-2-nonenal in regulation of
mitochondrial uncoupling, EMBO J. 22 (2003) 4103–4110.
[39] M.P. Murphy, K.S. Echtay, F.H. Blaikie, J. Asin-Cayuela, H.M. Cochemé,
K. Green, J.A. Buckingham, E.R. Taylor, F. Hurrell, G. Hughes, S. Miwa,
C.E. Cooper, D.A. Svistunenko, R.A.J. Smith, M.D. Brand, Superoxide
activates uncoupling proteins by generating carbon-centered radicals and
initiating lipid peroxidation-studies using a mitochondria-targeted spin trap
derived from α-Phenyl-N-Tert-Butylnitrone, J. Biol. Chem. 278 (2003)
48534–48545.
[40] G.M. Heaton, D.G. Nicholls, Hamster brown adipose tissue mitochondria:
the role of fatty acids in the control of the proton conductance of the inner
membrane, Eur. J. Biochem. 67 (1976) 511–517.[41] H.J. Forman, A. Azzi, On the virtual existence of superoxide anions in
mitochondria: thoughts regarding its role in pathophysiology, FASEB J. 11
(1997) 374–375.
[42] D.A. Talbot, A.J. Lambert, M.D. Brand, Production of endogenous matrix
superoxide from mitochondrial complex I leads to activation of uncoupling
protein 3, FEBS Lett. 556 (2004) 111–115.
[43] D.A. Talbot, M.D. Brand, Uncoupling protein 3 protects aconitase against
inactivation in isolated skeletal muscle mitochondria, Biochim. Biophys.
Acta 1709 (2005) 150–156.
[44] J.P. Silva, I.G. Shabalina, E. Dufour, N. Petrovic, E.C. Backlund, K.
Hultenby, R. Wibom, J. Nedergaard, B. Cannon, N.G. Larsson, SOD2
overexpression: enhanced mitochondrial tolerance but absence of effect on
UCP activity, EMBO J. 24 (2005) 4061–4070.
[45] S.Y. Yang, X.Y. He, H. Schulz, Fatty acid oxidation in rat brain is limited
by the low activity of 3-Ketoacyl-Coenzyme a Thiolase 21, J. Biol. Chem.
262 (1987) 13027–13032.
[46] S. Melov, P. Coskun, M. Patel, R. Tuinstra, B. Cottrell, A.S. Jun, T.H.
Zastawny, M. Dizdaroglu, S.I. Goodman, T.T. Huang, H. Miziorko, C.
J. Epstein, D.C. Wallace, Mitochondrial Disease in Superoxide
Dismutase 2 Mutant Mice, Proc. Natl. Acad. Sci. U. S. A. 96
(1999) 846–851.
[47] D.G. Nicholls, The influence of respiration and ATP hydrolysis on the
proton electrochemical potential gradient across the inner membrane of rat
liver mitochondria as determined by ion distribution, Eur. J. Biochem. 50
(1974) 305–315.
[48] M.D. Brand, K.M. Brindle, J.A. Buckingham, J.A. Harper, D.F.S. Rolfe, J.
A. Stuart, The significance and mechanism of mitochondrial proton
conductance, Int. J. Obes. 23 (1999) S4–S11.
[49] D.F. Rolfe, J.M. Newman, J.A. Buckingham, M.G. Clark, M.D. Brand,
Contribution of mitochondrial proton leak to respiration rate in working
skeletal muscle and liver and to SMR, Am. J. Physiol. 276 (1999)
C692–C699.
[50] D.F. Rolfe, M.D. Brand, The physiological significance of mitochondrial
proton leak in animal cells and tissues, Biosci. Rep. 17 (1997) 9–16.
[51] G. Mattiasson, M. Shamloo, G. Gido, K. Mathi, G. Tomasevic, S. Yi,
C.H. Warden, R.F. Castilho, T. Melcher, Z. Gonzalez, K. Nikolich, T.
Wieloch, Uncoupling protein-2 prevents neuronal death and diminishes
brain dysfunction after stroke and brain trauma, Nat. Med. 9 (2003)
1062–1068.
[52] B. Conti, S. Sugama, J. Lucero, R.Winsky-Sommerer, S.A.Wirz, P.Maher,
Z. Andrews, A.M. Barr, M.C. Morale, C. Paneda, J. Pemberton, S.
Gaidarova, M.M. Behrens, F. Beal, P.P. Sanna, T. Horvath, T. Bartfai,
Uncoupling protein 2 protects dopaminergic neurons from acute 1,2,3,6-
methyl-phenyl-tetrahydropyridine toxicity, J. Neurochem. 93 (2005)
493–501.
[53] H. Wang, W.S. Chu, T. Lu, S.J. Hasstedt, P.A. Kern, S.C. Elbein,
Uncoupling Protein-2 Polymorphisms in Type 2 Diabetes, Obesity, and
Insulin Secretion11, Am. J. Physiol., Endocrinol. Metab. 286 (2004)
E1–E7.
[54] S. Krauss, C.Y. Zhang, L. Scorrano, L.T. Dalgaard, J. St-Pierre, S.T. Grey,
B.B. Lowell, Superoxide-mediated activation of uncoupling protein 2
causes pancreatic beta cell dysfunction27, J. Clin. Invest. 112 (2003)
1831–1842.
